Theiler's murine encephalomyelitis virus-induced demyelination (TMEVD) and experimental allergic encephalomyelitis (EAE) are the principal animal models of multiple sclerosis (MS). Previously, we provided evidence that Tmevd2 and Eae3 may represent either a shared susceptibility locus or members of a gene complex controlling susceptibility to central nervous system inflammatory demyelinating disease. To explore the genetic relationship between Tmevd2 and Eae3, we generated a D2.CTmevd2 interval-specific congenic (ISC) line and three overlapping interval-specific recombinant congenic (ISRC) lines in which the Tmevd2-resistant allele from BALB/cByJ was introgressed onto the TMEVD-susceptible DBA/2J background. These mice, all H2 d , were studied for susceptibility to EAE elicited by immunization with proteolipid protein peptide 180-199. Compared with DBA/2J mice, D2.C-Tmevd2 mice developed a significantly less severe clinical disease course and EAE pathology in the spinal cord, confirming the existence of Eae3 and its linkage to Tmevd2 in this strain combination. Compared with DBA/2J and D2.C-Tmevd2, all three ISRC lines exhibited clinical disease courses of intermediate severity. Neither differences in ex vivo antigen-specific cytokine nor proliferative responses uniquely cosegregated with differences in disease severity. These results indicate that multiple quantitative trait loci (QTLs) within the Tmevd2/Eae3 interval influence EAE severity, one of which includes a homology region for a QTL found in MS by admixture mapping.
Introduction
Multiple sclerosis (MS), a chronic inflammatory disease of the central nervous system (CNS) characterized by myelin loss, varying degrees of axonal damage and progressive neurological dysfunction, 1 is the most common disabling neurologic disease of young adults and adolescents affecting B350 000 individuals in the United States and more than 1 million individuals worldwide. 2 The etiopathogenesis of MS is largely unknown; however, it involves both genetic and environmental factors. [3] [4] [5] Importantly, recent genetic epidemiology studies implicate gene-by-environment interactions in susceptibility and more specifically, epigenetic modifications to germ line susceptibility because of environmental factors acting at the population level. 6 Theiler's murine encephalomyelitis virus-induced demyelination (TMEVD) 7 and experimental allergic encephalomyelitis (EAE) 8 are the principal genetically controlled viral and autoimmune animal models of MS, respectively. Moreover, the effector molecules mediating demyelination and remyelination are the best characterized in these two models. 9 TMEV is a murine picornavirus that is spread in natural and laboratory populations by the fecal/oral route. Following intracerebral inoculation, the virus establishes a persistent infection of CNS white matter in susceptible strains. EAE is elicited by sensitization of genetically susceptible animals with myelin antigens in conjunction with adjuvants. In TMEVD, virus-specific CD4 þ T cells, and in EAE, autoreactive CD4 þ T cells, initiate the disease by infiltrating the CNS and subsequently recruit additional lymphocytes, leading to inflammation and progressive demyelination. Clinical signs associated with TMEVD become apparent 35-40 days post-inoculation and show a progressive course characterized by gait abnormalities, limb spasms and incontinence. The onset of EAE is between 10 and 15 days post-immunization, with the clinical signs manifest as an ascending paresis followed by paralysis of the tail and hind limbs, frequently accompanied by fecal and urinary incontinence.
Although EAE can occur as a chronic relapsing disease, the inducing antigen, induction protocol and mouse strain all influence the disease. 9 Genetic control of TMEVD and EAE is polygenic in nature (www.informatics.jax.org). Susceptibility genes and quantitative trait loci (QTLs) influencing TMEVD (Tmevd) and viral persistence (Tmevp) reside on chromosomes (Chrs) 1, 3, 5, 6, 10, 11, 14, 15 and 17 . Similarly, at least 35 loci controlling EAE have been mapped and in some instances, loci controlling susceptibility to TMEVD and EAE colocalize to the same general region. Previously, we presented evidence that Tmevd2 10 and Eae3 on Chr 3 may represent either a single, shared susceptibility gene or members of a gene complex involved in CNS immunopathology. 11 However, the evidence supporting this hypothesis was based on comparative studies using data obtained from different crosses and mapping techniques.
In the present study, a D2.C-Tmevd2 interval-specific congenic (ISC) line and three overlapping intervalspecific recombinant congenic (ISRC) lines possessing a resistant BALB/cByJ Tmevd2 allele 12 on the TMEVDsusceptible DBA/2J background were studied for susceptibility to EAE elicited by immunization with proteolipid protein peptide 180-199 (PLP 180À199 ). 13 The results of this study confirm the existence of Eae3 in the same strain combination that was used to map Tmevd2 10, 11, 14 and indicate that multiple QTLs in this region control EAE severity; of interest, one of the ISRC lines and the parental ISC line contain a region that is directly homologous to a QTL found in MS by admixture mapping. 15 
Results
Multiple QTLs within the Tmevd2 interval influence EAE severity We hypothesized previously that Tmevd2 and Eae3 may represent either a shared locus or members of a gene complex controlling susceptibility to inflammatory diseases of the CNS. 11 Because Tmevd2 was identified in genetic studies where DBA/2J was the sole susceptible parental strain, 10, 11, 14 we were limited to studying EAE in genetic models using this strain. DBA/2J mice were reported to be resistant to EAE elicited by sensitization with encephalitogen-complete Freund's adjuvant (CFA) emulsions prepared by syringe extrusion; 16 however, they are susceptible to EAE induced by sensitization using encephalitogen-CFA emulsions prepared by sonication 16, 17 or by inclusion of pertussis toxin (PTX) as an ancillary adjuvant. 18 Therefore, we conducted our studies by injecting a sonicated emulsion of PLP 180À199 -CFA þ PTX into D2.C-Tmevd2 mice and three ISRC lines derived from TMEVD-susceptible DBA/2J mice bearing the resistant BALB/cByJ Tmevd2 allele. Importantly, the congenic interval in D2.C-Tmevd2 mice encompassed the Eae3 interval (D3Mit64-D3Mit216) (49.9-123.1 Mb; Table 1 ).
Age-matched cohorts of male and female DBA/2J, D2.C-Tmevd2/Eae3, D2.C-Tmevd2/Eae3a, D2.C-Tmevd2/ Eae3b and D2.C-Tmevd2/Eae3c mice were injected with PLP 180À199 -CFA þ PTX. 13 Given that sex-specific QTLs have been identified 10, 11, 14 that influence both susceptibility and disease outcome in TMEVD and EAE, we analyzed the data using a two-factor design ( Table 2) . Neither a significant effect of sex nor strain-by-sex interactions were observed for any of the EAE trait variables studied. However, significant effects of strain were seen for incidence (P ¼ 0.05), cumulative disease score (CDS; Po0.0001), day of onset (DO; Po0.0001), days affected (DA; Po0.0001), and peak score (PS; P ¼ 0.0008). Post-test comparisons for each trait variable revealed that the trait values for D2.C-Tmevd2/Eae3 mice were lower than for the susceptible DBA/2J parental strain, and that the trait values did not differ significantly among the three ISRC lines. Rather, they were all intermediate between DBA/2J and D2.C-Tmevd2/Eae3. Similarly, regression analysis revealed that the course of clinical disease was significantly more severe in DBA/2J mice compared with D2.C-Tmevd2/Eae3, and that the severity of the clinical disease courses seen with all three ISRC lines was significantly different from both DBA/2J and D2.C-Tmevd2/Eae3 but not significantly different from each other ( Figure 1 ). Thus, all three ISRC lines were of intermediate phenotype.
On day 30, EAE pathology in the spinal cord (SC) and brain was quantified using the previously defined neuropathologic trait variables. 19 Two-factor analysis testing for the effect of strain and sex did not detect significant sex or sex-by-strain interactions for any of the SC EAE pathology trait variables; however, the effect of strain was significant for total pathology, suppuration and lesion score (data not shown). EAE pathology in the SC did not differ significantly among the ISRC lines, nor was it significantly different from that seen in D2.CTmevd2/Eae3 mice; however, compared with DBA/2J mice, all four congenic lines had significantly less severe EAE pathology in the SC (Figure 2 ). The incidence of axonal damage did not significantly differ among the strains studied (D2 ¼ 23%; D2.C-Tmevd2/Eae3 ¼ 32%;
Brain neuropathology was minimal with no significant differences detected for strain, sex or strain-by-sex interaction (data not shown). Taken together, the clinical and neuropathology results confirm the existence of Eae3 and its linkage to Tmevd2 in congenic mice bred from this strain combination.
Correlation analysis was performed to determine if the CDS and EAE pathology trait variables vary together, and if this correlation could be used to distinguish the sub-congenic lines. When the CDS for all strains was included in the analysis, disease severity was significantly correlated with both brain and SC pathology trait variables (Table 3) . However, when DBA/2J and D2.CTmevd2/Eae3 mice were analyzed separately, the CDS in DBA/2J mice was not significantly correlated with EAE pathology, whereas the CDS in D2.C-Tmevd2/Eae3 mice was significantly correlated with SC lesion severity, mononuclear cell infiltration and total pathology score. These data suggest that the QTL within the Tmevd2/Eae3 interval may influence the severity of clinical disease as a consequence of EAE pathology. The DBA/2J results indicate that additional loci outside of the Tmevd2/Eae3 interval also contribute to differences in severity of clinical signs. Importantly, correlation analysis between the CDS and pathology trait variables among the ISRC lines varied significantly, with the CDS in D2.C-Tmevd2/ Eae3a mice being correlated primarily with lesion score, mononuclear cell infiltration and overall pathology score in the brain and only overall pathology score in the SC. In contrast, in D2.C-Tmevd2/Eae3c mice, clinical disease severity was more highly correlated with lesion score, axonal damage, demyelination, mononuclear infiltration 
Abbreviations: CDS, cumulative disease score; CFA, complete Freund's adjuvant; EAE, experimental allergic encephalomyelitis; ISRC, interval-specific recombinant congenic; PLP180À199, proteolipid protein peptide 180-199; PTX, pertussis toxin; SI, severity index.
a
The significance of the difference in sex ratios from 1:1 was determined using Fisher's exact test and was not significantly different for any of the strains.
b
Significance of observed differences in disease incidence was determined using the w 2 test. and total pathology score in the SC. Finally, clinical disease severity in D2.C-Tmevd2/Eae3b mice did not significantly correlate with any of the EAE pathology trait variables. These results indicate that at least two QTLs controlling EAE severity reside within the Tmevd2/Eae3 interval, distributed in three segments (Table 1) Table 1) . The proliferative responses also did not differ significantly among the ISRC mice nor were they significantly different from the responses seen in DBA/2J and D2.CTmevd2/Eae3 mice ( Figure 4 ). The similarity in proliferative responses and cytokine production among the lines studied suggest that the QTL influencing EAE severity within the Tmevd2/Eae3 interval may do so by mechanisms other than regulating PLP 180À199 -specific proliferative responses and classical proinflammatory and/or regulatory cytokine responses. Multiple QTLs within the Tmevd2/Eae3 interval influence severity of EAE pathology in the SC elicited by immunization with PLP 180À199 -CFA plus PTX. Lesion severity, demyelination, suppuration, mononuclear cell infiltration and total pathology score were evaluated in each animal on day 30 post immunization and scored according to a semiquantitative scale as previously described. 51 Lesion severity, suppuration and total pathology score were significantly different among the strains (*Po0.05) with DBA/2J 4D2.C-Tmevd2/Eae3 ¼ D2.C-Tmevd2/Eae3a ¼ D2.C-Tmevd2/Eae3b ¼ D2.C-Tmevd2/Eae3c (n ¼ 14-46 per group). Significance of differences was assessed using the Kruskal-Wallis test followed by Dunn's multiple comparisons.
SNP haplotypes in the Tmevd2/Eae3 interval Single-nucleotide polymorphisms (SNPs) are found in ancestral blocks (or haplotypes) of linked genes. Haplotype association mapping (HAM) can distinguish blocks that are shared by susceptible vs resistant strains of mice, and can be useful for narrowing the list of possible candidate genes underlying a QTL. 20 With very large intervals, such as those in the congenics reported here, many genes could underlie the several QTLs detected by clinical scoring. To narrow that list, we compared SNP blocks between TMEVD-susceptible (DBA/2) and TMEVD-resistant (BALB/cByJ) mice, reasoning that Chr 3 haplotype blocks shared between these two strains are unlikely to contain a gene that distinguishes these two strains. HAM is more powerful and accurate if only parental strains that have shown linkage to the same QTL region in previous mapping studies are used in the analysis, 21 and hence we grouped the SNP haplotypes of BALB/cByJ and C57BL/6J vs DBA/2J. B10.S vs SJL/J were then added to the analysis, with the reasoning that these strains were used to map Tmevd2 and Eae3 to the same region of Chr 3 10, 11, 14, 22, 23 and were resistant or susceptible strains, respectively. The final HAM analysis thus sought to identify haplotype blocks that were shared by BALB/cByJ, C57BL/6J and B10.S and were different from those shared by DBA/2J and SJL/J. Approximately 850 genes and genetic entities (defined in the Mouse Genome Database) exist between markers D3Mit64 (49.9 Mb) and D3Mit216 (123.1 Mb) in the original congenic mouse strain. Of these, 417 are members of the Mammalian Gene collection of fulllength protein-coding genes (http://mgc.nci.nih.gov/). The HAM result using the TMEVD strains (BALB/cByJ and C57BL/6J vs DBA/2J) narrowed this list of genes bearing polymorphic untranslated region, intronic or exonic SNPs to 121 genes and unidentified but conserved complementary DNA transcripts in the entire region from 50 to 123 Mb of mouse Chr 3; eight microRNAs are Cytokine, chemokine and growth factor production were assessed by stimulating splenocytes and lymphocytes from draining lymph nodes on day 10 after immunization with PLP 180À199 -CFA þ PTX. Single cell suspensions were stimulated with 50 mg PLP 180À199 for 72 h and the levels in supernatants were quantified using the Millipore MILLIPLEX MAP assay kit or enzyme-linked immunosorbent assay (ELISA; n ¼ 10 per group). The significance of differences among the strains was determined using Friedman's test, an analysis of variance (ANOVA) based on ranked data. Significant differences in the main effect of strain were followed by a priori planned contrasts based on a multilevel congenic mapping strategy (DBA/2J vs D2.C-Tmevd2/Eae3 followed by D2.C-Tmevd2/Eae3 vs individual ISRC lines, and confirmed by comparison of individual ISRC lines with DBA/2J). Of the 25 cytokines assayed, IL-5 singularly exhibited significant differences in the main effect of strain (P ¼ 0.0002) that was significantly different between DBA/2J and D2.C-Tmevd2/Eae3 mice and segregated among the ISRC lines (**Po0.01; ***Po0.001).
also found in this region. 
Discussion
Tmevd2 was originally identified as a QTL controlling TMEVD in studies where DBA/2J was the susceptible parental strain. 10, 11, 14 Eae3 was identified as a locus controlling EAE severity in genetic studies where SJL/J and NOD/LtJ mice were the susceptible strains. [23] [24] [25] Both loci were mapped to central Chr 3. We have previously presented evidence that Tmevd2 and Eae3 may represent either a single, shared susceptibility gene or members of a gene complex involved in CNS immunopathology. 11 However, as the evidence supporting this hypothesis was based on comparative studies using data from different crosses and mapping techniques, the possibility exists that they reflect unique loci that are unrelated both genetically and functionally. As the first step in assessing the relationship between Tmevd2 and Eae3, we generated an ISC line on the TMEVD-susceptible DBA/2J background that has a resistance BALB/cByJ allele at Tmevd2 (D2.C-Tmevd2) and a congenic interval large enough to include Eae3. Additionally, ISRC lines were generated in order to map Eae3 using this strain combination.
When compared, DBA/2J mice had significantly more severe PLP 180À199 -induced EAE than D2.C-Tmevd2/Eae3 by clinical score, clinical disease traits and pathology. Overall incidence of classical EAE was significantly greater in DBA/2J mice compared with D2.C-Tmevd2/ Eae3 (Table 2) . Furthermore, the ISRC lines exhibited intermediate EAE severity and incidence compared with either parental strain; the ISRC lines themselves did not differ significantly from one another. Significant differences among all groups were seen, however, in the correlation or lack of correlation between CNS pathology and clinical severity. In examining these correlations, we noted that DBA/2J mice became highly significantly more affected with EAE signs than any other group, yet had little correlation between their clinical signs and brain or SC pathology. The subcongenic lines, however, did show this type of correlation (Table 3 ). These data suggested that the QTLs within the Tmevd2/Eae3a interval influence clinical disease and brain pathology, whereas the QTLs within the Tmevd2/Eae3c interval more likely influence clinical disease severity and SC pathology. Additionally, these results suggested that QTLs within the Tmevd2b/Eae3b interval may influence clinical disease severity independent of the severity of EAE pathology. In this regard, cortical motor-evoked potentials have been shown to correlate with clinical signs in TMEVD and EAE, suggesting a possible role for myelin composition and/or synaptic transmission in susceptibility to clinical symptomatologies associated with inflammatory demyelinating diseases of the CNS, [26] [27] [28] and QTLs controlling these responses in EAE have been identified. 28 PLP 180À199 -specific proliferation and cytokine responses were not significantly different among the strains on day 10 post-immunization with the exception of IL-5. IL-5 expression differed significantly between DBA/2J and D2.C-Tmevd2/Eae3 and segregated among the ISRC lines (Figure 3) . The most parsimonious location for the QTL controlling differential IL-5 expression is between D3Mit62 and D3Mit187 within an interval shared by D2.C-Tmevd2/Eae3a and D2.CTmevd2/Eae3b mice. This finding is potentially interesting as IL-5 is a cytokine produced by a variety of cells including Th2 and mast cells, 29 and increased levels could influence disease severity in both D2.C-Tmevd2/ Eae3a and D2.C-Tmevd2/Eae3b mice. However, the majority of studies looking at the effects of IL-5 on EAE indicate that IL-5 is not involved in either the initiation or effector phase of the disease 30, 31 or that increased expression of IL-5 by T cells is capable of exacerbating EAE. 31, 32 Moreover, increased expression of IL-5 and decreased severity of both clinical disease and EAE pathology did not uniquely segregate with increased disease resistance among the ISRC lines and therefore cannot fully account for the observed reduction in disease severity in all three ISRC lines. Importantly, other significant differences in cytokine responses were not seen between DBA/2J and D2.C-Tmevd2/Eae3 mice. Taken together, these results suggest that multiple QTLs within the Tmevd2/Eae3 interval control the severity of EAE, and the presence of susceptible DBA/2J alleles at all loci is required for severe EAE. Our study further suggests that the mechanism whereby these QTLs influence disease severity is not through the regulation of interferon-g (IFNg) or IL-17 production, the two cytokines of critical importance in EAE, 33 or cytokines that are important in the generation and maintenance of Treg cells. 34 However, tissue harvested at day 10 for in vitro analyses may miss an important window in the pathogenesis of EAE in mice, and because it did not reflect EAE status in the animals, it is not clear that such analyses can be used for defining the mode of action of a QTL.
To gain an appreciation of the role that these intervals have in autoimmunity, and to define a suitable list of candidate genes for Tmedv2 and Eae3, it can be helpful to compare them with several other autoimmune disease susceptibility loci that have also been mapped to central Chr 3 (Table 4 ). An especially interesting QTL for collagen-induced arthritis (Cia5) has been mapped to the Eae3.1 region on Chr 3; it is known to interact with Cia26, 30, 31 and Cia32 within another QTL (Eae2) on Chr 15. 35 Eae3 was found to interact with Eae2 25 in EAE models, and thus, the interval bearing Eae3.1 contains genes that modify CIA, EAE and TMEV-induced demyelination. Of interest, there are two systemic lupus erythematosus (SLE) QTLs (Sles3 and Sle11) in the Eae3.1 region, and a modifier of T-cell ratios (Trmq5). The placement of all four of these QTLs is between 82 and 87 Mb on Chr 3. Remarkably, HAM analysis identified only a few known genes that differ between BALB/cByJ and DBA2/J in the 82-88 Mb interval, allowing us to further refine the number of potential candidate genes within this region.
Tmevd2/Eae3b is one of several mouse shared QTLs that control demyelination after viral infection or deliberate immunization. Both Tmevd6 28 and Tmevd9 14 colocalize with a broad interval containing Eae30 on Chr 1. For mapping Eae30, Mazon Pelaez et al. used the trait of latency in cortical motor-evoked potentials, as these potentials provide a reproducible assessment of both myelin disturbance and subsequent functional impairment of the axons. 28 The Eae30 interval and the Tmevd6 and Tmevd9 regions overlap on proximal Chr 1 and also contain mouse Cd28 and Ctla4, the two genes important for T-cell signaling. Another pair of shared QTLs for demyelination include Tmevd5 36 and Eae7 37 on distal Chr 11. Tmevd5 controls the severity of clinical disease without altering the viral load. 36 Promising candidates for Eae7 include Scya1 (TCA-3), Scya2 (monocyte chemoattractant protein (MCP)-1), and Scya12 (MCP-5), all of which are polymorphic between SJL and B10.S, the parental strains used for the linkage mapping of Eae7.
37
The Tmevd2/Eae3b interval is of particular interest because part of it is syntenic with an MS locus on Chr 1 identified by admixture mapping. 15 The significant genome-wide association of this interval extends from B114.9 to B147 Mb on human Chr 1. 15 This human QTL had a LOD score of 4.0 with incidence, and contributed to a 1.44-fold increased risk because of heterozygosity with respect to European ancestry. MS risk variants thus might be expected to have a dominant effect. More recent unpublished data suggest that the interval, when narrowed to 119.63-143.62 Mb of Build 35 (hg17) of the human genome, has a LOD score of 9.1 (D Reich, personal communication). Alleles of this human QTL are associated with MS susceptibility and are characteristically different between European American and African American populations. There were no interactions between the Chr 1 peak and the main known major histocompatibility complex genetic risk factors, HLA DRBI*1501 and HLA DRBI*1503, and this QTL has not been seen in solely European genome-wide association studies (D Reich, personal communication). Whereas the genome-wide association study result has been confirmed, 38-40 no specific locus has yet been identified to be the gene underlying this strong admixture QTL, although several genes in the interval are attractive.
Human genes in the Chr 1 interval from B119.63 to 143.62 Mb have 11 homologous orthologs on mouse Chr 3 in Tmevd2/Eae3, from 96.7 to 98.7 Mb. To narrow the list of genes for study, TMEV-or EAE-resistant mice (C57BL/6J, BALB/cByJ, C57BL/10-B10.S) vs susceptible strains (DBA/2J and SJL/J) were considered for HAM. This resulted in nine genes with potentially informative polymorphisms. The list includes several mouse hydroxy-d-5-steroid dehydrogenase (Hsd3b) gene isoforms, hydroxyacid oxidase 2 (Hao3) and 3-hydroxy-3-methylglutaryl-coenzyme A synthase 2 (HMGCS2).
One strong human MS candidate gene, CD58, has no mouse homolog, but has been implicated in MS susceptibility, 40, 41 although it is no longer in the human admixture QTL region. CD58 (in humans) and CD48 (in mice and rats) are important for antigen recognition by T cells, 42 and CD2, CD48 and CD58 are closely related members of the immunoglobulin superfamily and likely result from a duplication event.
43 CD2 is known to bind to CD58 in humans, and in mice it likely binds to CD48 (encoded by a gene on Chr 1). 43, 44 CD2 is located on Chr 3 at 101 Mb, and is a homolog of several genes in the mouse Chr 1 SLAM/CD48 family; it has been proposed that autoimmunity in the NZM2410 mouse may be mediated by a combination of genes in the SLAM/'CD2' regions before the authentic mouse CD2 was cloned and located on Chr 3. 45 The CD2 gene is polymorphic between DBA/2J vs C57BL/6J and BALB/cByJ, but SJL/J has not been typed for the distinguishing SNPs (rs31487864 and rs31093238). Interestingly, CD2 ligation has been reported to provide a strong helper signal for IL-5 production by T cells. 46 CD2 is therefore a homolog of both human CD58 and an autoimmune QTL in mouse SLE, which makes mouse CD2 a very strong candidate gene for autoimmune disease of the CNS. Whether these QTLs represent the same gene or if this colocalization is fortuitous remains an area in need of exploration.
Of respectively, have been associated with MS. The overall conclusion from these studies is that Eae3 is equivalent to Tmevd2 in that susceptibility and resistance to EAE and TMEVD is determined by the same parental alleles at both QTLs. Our data also indicate that at least two QTLs within the Tmevd2/Eae3 interval influence EAE severity. The continuation of high-resolution congenic mapping studies in which susceptibility to EAE and TMEVD are studied in parallel will further refine the EAE QTL candidate intervals and delineate the genetic relationship between Tmevd2 and Eae3a, Eae3b and Eae3c. Ultimately, the goal of these studies is to positionally clone the gene or genes responsible for the differences in susceptibility to EAE and TMEVD.
Materials and methods

Mice
Male and female DBA/2J and BALB/cByJ mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). (BALB/cByJ Â DBA/2J) F 1 hybrids (CD2) mice were bred to DBA/2J mice to produce backcross 1 (BC1 or N2) mice. Mice that were heterozygous across the Tmevd2 (D3Mit64-D3Mit216) interval at BC1 (N2) and each successive BC generation were selected for continued breeding. At N15, heterozygous D2.C-Tmevd2 mice were brother-sister mated and homozygous male and female progeny used to fix a D2.C-Tmevd2 (D3Mit64-D3Mit216) (49.9-123.1 Mb) ISC line.
11 D2.C-Tmevd2 ISRC lines were subsequently generated by identifying recombinant haplotypes across the Tmevd2 interval among (D2.C-Tmevd2 Â DBA/2J) Â DBA/2J BC1 mice and then fixed as inbred lines as described above. The following ISRC lines were generated: D2.C-Tmevd2/ Eae3 D3Mit64ÀD3Mit1141 (49.9-93.0 Mb) (D2.C-Tmevd2/Eae3a); D2.C-Tmevd2/Eae3
D3Mit64ÀD3Mit158 (49.9-109.1 Mb) (D2.CTmevd2/Eae3b); D2.C-Tmevd2/Eae3
D3Mit12ÀD3Mit318 (100.2-123.1 Mb) (D2.C-Tmevd2/Eae3c) ( Table 1 ). All mice were housed at 25 1C with 12:12 h light-dark cycles and 40-60% humidity. Naive, age-matched male and female mice were used throughout. The experimental procedures performed in this study were approved by the animal care and use committee of the University of Vermont.
Genotyping
Genomic DNA was isolated from 3 mm of mouse tail and genotyping was performed by PCR using polymorphic microsatellite markers distinguishing BALB/cByJ and DBA/2J mice 11, 14 as in our previous publications. 17 In addition to microsatellite marker analyses, SNPs were typed on Chr 3 using the phototyping technique. 50 Two alternate allele-specific SNP primers and one common opposite-strand primer were designed for each SNP using Primer3 to have a T melt of 58-60 1C, where the allele-specific primer has a 3 0 nucleotide that matches one of the two SNP alleles. 51 SNP haplotypes were assembled in an Excel database and used to delineate the breakpoints of the recombinant Chr 3 in the three ISRC lines. Only SNPs that distinguish the two parental strains, DBA/2J and BALB/cByJ, are shown in this report. class II-restricted PLP 180À199 was used as the encephalitogen in this study. 13 EAE was elicited by subcutaneously injecting a sonicated emulsion of 100 mg PLP 180À199 and 200 mg Mycobacterium tuberculosis H37Ra in CFA (Difco Laboratories, Detroit, MI, USA) in 0.2 ml on the posterior right and left flank and the scruff of the neck. 17, 52 Each mouse received 200 ng PTX (List Biological Laboratories, Campbell, CA, USA) in 0.2 ml by intravenous injection immediately after and again on day 2.
Induction and evaluation of EAE
13 EAE was evaluated daily beginning at day 10 through day 30 as follows: 0, no clinical expression of disease; 1, flaccid tail without hind limb weakness; 2, hind limb weakness; 3, complete hind limb paralysis and floppy tail; 4, hind leg paralysis accompanied by a floppy tail and urinary or fecal incontinence; 5, moribund. Clinical quantitative trait variables were generated as previously described. 22, 53 Mice were considered positive for incidence if they showed any clinical signs X1 for X2 days. The severity index is the cumulative disease score per days affected. All animals that died or were killed before day 30 were excluded from the analysis that is based on classical EAE clinical and pathologic quantitative trait variables. 22, [53] [54] [55] The significance of differences in the severity of the clinical disease courses was determined by regression analysis. 52, 56 Cell culture conditions and lymphokine assays For ex vivo cytokine and chemokine analysis, spleens and draining lymph nodes were obtained from mice immunized 10 days earlier for EAE. Single cell suspensions at 1 Â 10 6 cells ml -1 in RPMI-1640 media (Cellgro Mediatech, Inc., Manassas, VA, USA) plus 5% fetal bovine serum (HyClone, Logan, UT, USA) were stimulated with 50 mg PLP 180À199 . Cell culture supernatants were recovered at 72 h and tested for cytokine levels by enzymelinked immunosorbent assay as previously described 56 using primary monoclonal antibodies specific for IFNg, IL-2, IL-4 and IL-17 and their corresponding biotinylated secondary monoclonal antibodies (BD Biosciences Pharmingen, San Diego, CA, USA). Other enzyme-linked immunosorbent assay reagents including horseradish peroxidase-conjugated avidin D (Vector Laboratories, Burlingame, CA, USA), TMB microwell peroxidase substrate and stop solutions (Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA) and recombinant IFNg, IL-2, IL-4, and IL-17 (R&D Systems, Minneapolis, MN, USA) were used as standards. Tumor necrosis factor-a (TNFa) was measured using BD OptEIA mouse TNF enzyme-linked immunosorbent assay set (BD Biosciences). IL-23 (p19/p40) and transforming growth factor-b (TGFb) were measured using enzyme-linked immunosorbent assay Ready-SET-Go! Kits (eBioscience, San Diego, CA, USA). Additionally, eotaxin, G-CSF, GM-CSF, IL-1a, IL-1b, IL-3, IL-5, IL-6, IL-7, IL-9, IL-12(p40), IL-12(p70), IL-13, IL-15, IP-10, KC, KIF, LIX, MCP-1, M-CSF, MIG, MIP-1a, MIP-1b, MIP-2, RANTES and VEGF levels were quantified using the Millipore MILLIPLEX MAP assay kit (no. MPXMCYTO-10K; Millipore, Billerica, MA, USA) and run on the Bio-Rad Bio-Plex instrument (Bio-Rad, Hercules, CA, USA). 52 For ex vivo proliferation, single cell suspensions were prepared and 5 Â 10 5 cells well -1 in RPMI-1640 media (5% fetal bovine serum) were plated on standard 96-well U-bottom tissue culture plates and stimulated with 0, 2, 10 or 50 mg PLP 180À199 for 72 h at 37 1C. During the last 18 h of culture, 1 mCi of [ 3 H]-thymidine (PerkinElmer, Stelton, CT, USA) was added. Cells were harvested onto glass fiber filters and thymidine uptake was determined by liquid scintillation.
Histology
Histological assessment of EAE neuropathology was done as previously described. 55 Briefly, brains and SCs were dissected from calvarias and vertebral columns, respectively, and fixed by immersion in phosphatebuffered (pH 7.2) 10% formalin. Representative areas of the brain and SC, including brainstem, cerebrum and cerebellum, and the cervical, thoracic and lumbar segments of the SC, were selected for histopathological evaluation. EAE pathology reflects the overall severity of the lesions observed, extent and degree of myelin loss and tissue injury (swollen axon sheathes, swollen axons and reactive gliosis), severity of the acute inflammatory response (predominantly neutrophils) and the severity of the chronic inflammatory response (lymphocytes/macrophages). The presence of axonal damage was noted, although not graded, if groups of axonal spheroids were seen in areas of inflammation on hematoxylin and eosin-stained sections.
Haplotype association mapping SNPs reflecting haplotypes of linked genes were compared for BALB/cByJ, and C57BL/6J vs DBA/2J, with the reasoning that these strains were used in crosses that mapped Tmevd2 and were resistant or susceptible, respectively. The HAM list was further limited by polymorphisms in C57BL/10 (the parental background strain of EAE-resistant B10.S-H2 s /SgMcdJ (B10.S) mice), and SJL/J, representing polymorphic alleles in Eae3 in the same region. 21 Polymorphic genes and gene elements were defined by the detection of SNPs that are categorized as introns, exons or untranslated regions by the Mouse Phenome Database (www.jax.org/phenome).
Statistical analysis
Statistical analyses were performed using GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA). The specific tests used are detailed in the figure legends and table footnotes. A P-value of p0.05 was considered significant.
